An improved analysis of the diphoton decay rate of the Higgs boson in the Inert Doublet Model is presented together with a critical discussion of the results existing in the literature. For a Higgs boson mass M h of 125 GeV and taking into account various constraints -vacuum stability, existence of the Inert vacuum, perturbative unitarity, electroweak precision tests and the LEP bounds -we find regions in the parameter space where the diphoton rate is enhanced. The resulting regions are confronted with the allowed values of the Dark Matter mass. We find that a significant enhancement in the two-photon decay of the Higgs boson is only possible for constrained values of the scalar couplings λ3 ∼ hH + H − , λ345 ∼ hHH and the masses of the charged scalar and the Dark Matter particle. The enhancement above 1.3 demands that the masses of H ± and H be less than 135 GeV (and above 62.5 GeV) and −1.46 < λ3, λ345 < −0.24. In addition, we analyze the correlation of the diphoton and Zγ rates.
I. INTRODUCTION
Recently a Higgs-like boson was discovered at the LHC [1] . Although most of the measurements of its properties are in agreement with the hypothesis of the Standard Model (SM) Higgs particle, there may be some indications that the discovered boson is not a SM Higgs boson. For example, the signal strength in the decay channel h → γγ, R γγ , which is proportional to Br(h → γγ), is equal to 1.8 ± 0.3 [2] . This can be accounted for in the framework of Two Higgs Doublet Models (2HDM), in particular in the Inert Doublet Model (IDM).
The diphoton decay rate in the IDM was considered in Refs. [3] [4] [5] [6] . In the parameter region studied in Ref. [3] no enhancement was found, while in Ref. [4] the possibility of modifying the total decay width of the Higgs boson due to the invisible decays into Dark Matter (DM) was not taken into account. In Refs. [5, 6] the entire parameter space was not investigated; as the mass parameter of the potential was taken with only one sign, the DM particle was assumed to be lighter than the Higgs boson and the mass of DM was constrained (M H < 150 GeV). The diphoton decay rate was also considered in the context of the electroweak phase transition in Ref. [7] .
We present an independent analysis of the diphoton Higgs decay mode in the IDM which improves the points mentioned above and makes use of the recent experimental data [1] . We also study the correlation between the γγ and Zγ Higgs boson decay rates. The paper is organized as follows. In Sec. II we briefly review the model, describe the constraints taken into account and present the method of the analysis. In Sec. III possible sources * Bogumila.Swiezewska@fuw.edu.pl † Maria.Krawczyk@fuw.edu.pl of modifications of the diphoton Higgs decay rate in the IDM with respect to the SM are discussed. The resulting constraints for masses and self-couplings as well as the results for the Zγ rate are presented in Sec. IV, and a short summary can be found in Sec. V. Appendix A contains a derivation of the conditions for R γγ > 1, while in Appendix B formulas for all Higgs boson decay widths are given.
II. SETUP OF THE ANALYSIS

A. Model
We consider the IDM [3, 8, 9] , which is a 2HDM with two SU(2) doublets φ S , φ D with hypercharge Y = 1 and the following potential:
The parameters m , and λ 1 . . . λ 4 are real numbers and without loss of generality we take λ 5 < 0 [10] [11] [12] . The potential V is invariant under a Z 2 -type symmetry transformation, called D, which changes the sign of the φ D doublet and leaves all other fields unchanged.
We consider a D-symmetric vacuum state (called the Inert vacuum), which corresponds to the following vac-From the existence of the Inert vacuum and the Higgs boson with mass M h = 125 GeV, and unitarity bounds on λ 2 , follows a bound on m 2 22 [14] :
H as DM candidate: We assume that H is the DM candidate, so M H < M A , M H ± . Studies of the DM in the IDM [13] show that if H is to account for the observed relic density of DM, it should have a mass in one of three regions: M H < 10 GeV, 40 GeV < M H < 80 GeV, or M H > 500 GeV. We will not impose these bounds from the very beginning, but we will discuss the consistency of our results with these constraints.
Electroweak Precision Tests (EWPT):
We demand that the values of the S and T parameters calculated in the IDM (using formulas from Ref. [9] ) lie within 2σ ellipses in the S, T plane, with the following central values [17] : S = 0.03 ± 0.09, T = 0.07 ± 0.08, with correlation equal to 87%.
LEP:
We use the LEPI and LEPII bounds on the scalar masses [18, 19 ]
and exclude the region where simultaneously M H < 80 GeV, M A < 100 GeV and M A − M H > 8 GeV.
We will refer to the set of the conditions described above as "the constraints" for simplicity.
C. Method of the analysis
We randomly scan the parameter space of the IDM, taking into account the constraints and letting the parameters vary in the following regimes:
The allowed region in the parameter space depends on the choice of the minimal value of m 2 22 , which is not constrained. We consider two regimes for m 2 22 . For the wider of the two, larger masses of dark scalars are allowed, up to 1400 GeV (values in brackets).
In the parameter space fulfilling the constraints we analyze the possible values of R γγ and R Zγ .
III. Rγγ
To study the diphoton rate observed at the LHC we define the quantity R γγ as follows [5] :
Above we used the fact that the gluon fusion is the dominant channel of Higgs production. Moreover, in the IDM
SM , so R γγ reduces to the ratio of branching ratios.
In the IDM this ratio can be modified with respect to the SM, since the charged scalar exchanged in loops gives an extra contribution to the h → γγ amplitude [3] [4] [5] . In addition, the total decay width of the Higgs boson can be modified due to the existence of invisible decay channels h → HH and h → AA [3, 5] . In different regions of parameters, different effects dominate.
Many channels contribute to the total decay width of the Higgs boson h. The most important ones for a mass of M h = 125 GeV are bb, cc, τ + τ − , ZZ * , W W * , γγ, Zγ, gg, HH, and AA. To compute the decay widths we used the formulas from Refs. [20] [21] [22] [23] . For completeness they are summarized in Appendix B. The partial widths of the tree-level h decays into SM particles, and the loop-mediated decay into gg in the IDM are equal to the corresponding ones in the SM.
The only decay rate of h -apart from h → γγ -that is modified in the IDM with respect to the SM is that for the h → Zγ process, R Zγ . It is defined in the same way as R γγ
IDM is given by the formula (B1). We discuss some results for R Zγ in Sec. IV B.
In Fig. 1 the branching ratios of h are presented as functions of m It appears that when the invisible decay channels h → HH and h → AA are open (M H < M h /2, M A < M h /2), their partial widths Γ(h → HH), Γ(h → AA) dominate over the partial widths of decays into SM particles. It will be shown, that in these cases the total decay width of the Higgs boson is so big that Br(h → γγ)
When M H > M h /2 (and therefore M A > M h /2 as well) the invisible decay channels are closed. Then all the branching ratios are constant (Fig. 1, right panel) , with the exception of Br(h → γγ) and Br(h → Zγ), which vary significantly with m . We will analyze this case below.
If the decay channels h → HH and h → AA are kinematically closed, the total width of h is barely modified with respect to the SM case, since the branching ratios of h → γγ and h → Zγ, which are the only processes that receive contributions from dark scalars, are of the order of 10 −3 . Thus R γγ and R Zγ [Eq. (3)] reduce to the ratios of the partial widths in the IDM to the ones in the SM, namely
In the IDM, the partial decay width of the Higgs boson to γγ is (approximately) given by [3] [4] [5] 20 ]
2M 2
where M SM denotes the contribution from the SM and δM IDM is the extra contribution present in the IDM,
The form factors are defined as follows [24] :
and
The h → γγ enhancement is of interest to us, so we consider the inequality R γγ > 1, which corresponds to :
where M SM is fixed for M h = 125 GeV. 4 The inequality (5) can be solved analytically (the full derivation is given in Appendix A), giving the result that R γγ > 1 is possible only when
These two conditions correspond to two possible cases: when the contribution of the charged scalar loop interferes either constructively or destructively with the 3 Above we do not include the contributions from the bottomand charm-quark loops as well as from the τ loop, as we have checked that they are negligible. We take M W = 80.399 GeV and Mt = 173 GeV from the Particle Data Group analysis [22] . 4 If the contributions from light quarks are neglected, M SM is real, but we treat it as a complex number to keep the reasoning general.
SM contribution. In the latter case the contribution from the charged scalar has to be at least twice as big as the SM term [4] . Since both of the functions in Eq. (6) are monotonic (with respect to M H ± ) we can get overall bounds on m 
The conditions (6) can be translated into conditions for the hH + H − coupling ( λ 3 ) with the use of the expression for the mass of the charged scalar,
), giving the condition λ 3 < 0.
IV. RESULTS
A. Rγγ
In this section we present the regions in the parameter space allowed by the constraints (Sec. II B) and the condition R γγ > 1. Points with R γγ < 1 are displayed in Figs. 2-5 in dark green/gray and with R γγ > 1 in light green/gray.
In Fig. 2 the regions of masses allowed in the IDM by the constraints for the narrow m 2 22 range (Sec. II.C) are presented with the regions where the enhancement in the h → γγ channel is singled out. We have found that the R γγ enhancement is only possible when M H > M h /2 and M A > M h /2. It means that the partial widths of invisible decays increase the total width of the Higgs boson so much that the enhancement with respect to the SM case is impossible (this is in agreement with the results of Ref. [5] ).
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The signal in the h → γγ channel can be enhanced with respect to the SM up to around 3.4 times, which can be inferred from Fig. 3 , where the dependence of R γγ on M H and M H ± is presented.
Figures 2 and 3 seem to suggest that R γγ > 1 is only possible for M H ± 350 GeV (compare with the bound M H ± 200 GeV from Ref. [5] ). However, this is not the case. If we allow for a wider m 2 22 range, then we get a larger M H ± for which R γγ > 1. 6 This fact is illustrated in the upper panel of Fig. 4 , where the results of the scan with a wider range of m [5] as in Ref.
[5] the DM particle (H) was assumed to be lighter than the Higgs boson (M H < 150 GeV), which decreased the size of the allowed region and also constrained the values of m 2 22 , which resulted in tighter upper bounds on the masses of H ± and A. 6 In Ref. [5] be seen that R γγ > 1 for M H ± up to 1 TeV. Regions fulfilling R γγ > 1 (light shaded region) and R γγ > 1.3 (dark shaded region) are also shown.
It can be seen from Fig. 3 (upper panel) that substantial enhancement (R γγ > 1.3) appears for a relatively light charged scalar, M H ± 135 GeV. Moreover, R γγ > 1.3 is only possible in a region m . Figure 3 shows that if R γγ < 1.3 the DM particle also has to be light: M H 135 GeV. So we conclude that a substantial enhancement is only possible for 62.5 GeV < M H < 135 GeV, 70 GeV < M H ± < 135 GeV.
This reasoning is general and will give upper bounds on M H ± and M H if the enhancement of h → γγ decay with respect to the SM, R γγ > 1, is definitely confirmed by data.
Stronger constraints could be obtained for the DM particle if additional data were included in the analysis, e.g., the WMAP data on the relic abundance of the DM. For the sake of clarity, we leave the detailed analysis of the Inert DM properties in light of the R γγ , WMAP, and XENON100 data for a separate study [25] .
From the upper panel of Fig. 4 it is also visible that an additional region fulfilling R γγ > 1 would be allowed if 7 However this is not allowed for the Inert vacuum (6) . This shows the important role of the conditions determining the existence of the Inert vacuum in constraining the parameter space 7 In Ref. [5] the conditions determining the existence of the Inert vacuum were not taken into account, so a region with Rγγ > 1 and m 2 22 > 0 would appear in that analysis: only by choosing the maximal value of DM particle's mass, M H , was this unphysical region fortunately avoided. and the need for taking them into account.
In the lower panel of Fig. 4 we present the allowed region in the (m 2 22 , λ 3 ) plane (λ 3 ∼ hH + H − coupling) and confirm the conclusion of Ref. [5] that the enhanced diphoton production rate is possible only for λ 3 < 0.
R γγ as a function of the couplings λ 3 and λ 2 is shown in the upper and lower panels of Fig. 5 , respectively. It can be seen once more that R γγ > 1 for λ 3 < 0 and as a consequence, since M H < M H ± , λ 345 < 0 with quite stringent lower bounds on both of the couplings, and M H ± ). Figure 6 presents the region where R γγ > 1 (shaded region) and the region where R Zγ > 1 (inside the dashed line). It can be seen that the two regions overlap almost ideally, with differences only present for M H ± < 70 GeV (the red line corresponds to M H ± = 70 GeV), i.e., in the region excluded by LEP. Thus, in the IDM if R γγ > 1 than also R Zγ > 1 and vice versa.
The same conclusion can be drawn from the plot in the lower panel of Fig. 6 , where the correlation between R γγ and R Zγ is presented. The correlation is positive and the curve passes through the point (1, 1). The structure of a two-branch curve can be easily explained: the lower branch (straight line, for which R γγ ≈ R Zγ ) represents the case of open invisible channels, where both R γγ and R Zγ are damped by a big common constant (invisible decays widths), which dominates over the charged scalar contributions, leading to R γγ ≈ R Zγ < 1. The other branch describes the correlation following from the fact that both H ± loops in h → γγ and h → Zγ are controlled by the same parameters.
We conclude that in the IDM the correlation between R γγ and R Zγ is positive and thus a measurement showing different result would exclude the IDM. 9 · 10 4 GeV 2 as a function of the couplings λ3 (upper panel) and λ2 (lower panel). Points with Rγγ < 1 (Rγγ > 1) are displayed in dark green/gray (light green/gray).
V. SUMMARY
We analyzed the diphoton decay rate of the Higgs boson in the IDM, for M h = 125 GeV, and presented a critical discussion of the results existing in the literature. The following conditions were taken into account: vacuum stability, existence of the Inert vacuum, perturbative unitarity, electroweak precision tests, and the LEP bounds. The importance of the condition determining the existence of the Inert vacuum should be emphasized as it significantly constrains the parameter space where R γγ > 1 (i.e., excludes positive values of m 2 22 ). For the case of closed invisible decay channels of the Higgs boson we gave analytical solutions of the inequality R γγ > 1 and for the general case we found the conditions using a random scan. We showed that the enhancement in the diphoton channel, with respect to the SM, is not possible if the invisible decay channels are open, confirming the results of Ref. [5] . If the DM particle is heavier than M h /2, then IDM can account for a Higgs boson with enhanced diphoton rate, while its remaining decay channels (apart from h → Zγ), in particular the loop-induced decay h → gg, stay SM-like.
The enhancement is only possible for m 2 22 < −9.8 · 10
3 GeV 2 (λ 3 < 0) and the maximal R γγ value reaches 3.4. R γγ > 1 is possible for big values of M H ± , at the level of 1 TeV and higher, for large negative values of m 2 22 . However substantial enhancement can be realized only if the charged scalar is light. R γγ > 1.3 implies M H ± 135 GeV, and hence 62.4 GeV < M H 135 GeV, which would exclude the light and heavy DM scenarios. In this case stringent constraints on scalar couplings also arise: −1.46 < λ 3 , λ 345 < −0.24.
In the IDM the Zγ-decay rate is positively correlated with R γγ , with a maximal value around 1.9. Regions where R γγ > 1 and where R Zγ > 1 overlap for M H ± > 70 GeV, so R Zγ can be enhanced if and only if R γγ is enhanced.
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